Infection with Leishmania major triggers several pathways in the host cell that are crucial to initial infection as well as those that are used by Leishmania to enhance its replication and virulence. To identify the molecular events of the host cell in response to Leishmania, the global gene expression of the human monocytic cell line THP-1 either infected with Leishmania major in the presence and absence of gamma interferon (IFN-␥) or in the presence of IFN-␥ alone was analyzed using high-density human oligonucleotide microarrays, followed by statistical analysis. The persistence of the parasite despite an extensive response to IFN-␥, added 24 h after infection with L. major, suggests that L. major can survive in an IFN-␥-enriched environment in vitro. Results demonstrate that L. major counteracts the IFN-␥ response in macrophages on a large scale. Expression of genes involved in the innate immune response, cell adhesion, proteasomal degradation, Toll-like receptor expression, a variety of signaling molecules, and matrix metalloproteinases was significantly modulated.
Leishmaniasis is caused by the protozoan parasite Leishmania. Depending on the species of the pathogen and the host's immune response, the disease presents a spectrum from selfhealing cutaneous lesions to severe visceral disease and death. Leishmania is a digenetic organism, alternating between a flagellated promastigote in the gut of the phlebotomine sand fly and an intracellular amastigote residing within macrophages of the mammalian host, which ranges from desert rodents to humans. Infection with Leishmania initiates complex cascades of events in macrophages that influence the ensuing immune response. One of the most important initial signaling events is the release of interleukin-12 (IL-12) by the infected macrophage, leading to subsequent priming of the Th1 response and production of gamma interferon (IFN-␥) (24, 45) . IFN-␥ has a pivotal role in the activation of macrophages to kill pathogens and protect the host cell from infection (6) . However, Leishmania has developed sophisticated immune evasion strategies that allow for "silent entry," thus avoiding the initial activation of the infected macrophage (52) . These strategies include entry via receptor-mediated phagocytosis involving a number of different receptors on the host macrophage, including CR1, CR3, C3b, and the fucose/mannose receptor (59) . Thus, Leishmania promastigotes are taken up without triggering the oxidative burst (9) . Further, Leishmania actively inhibits host defense mechanisms such as protein kinase C (PKC) activation (60) as well as the upregulation of inducible nitric oxide synthase following IFN-␥ stimulation, a consequence of which is delayed antimicrobial activity in infected macrophages (44, 45) . As a result, response to IFN-␥ of infected macrophages is dampened. It has been reported that Leishmania donovani-infected U937 cells exhibit reduced phosphorylation of the IFN-␥ receptor (46) , and L. donovani amastigotes influence negatively the expression of molecules of the major histocompatibility complex class II (MHC-II) complex following stimulation with IFN-␥ (47) and the B7-1 costimulatory molecule (28, 53) . Most importantly, Leishmania parasites inhibit the initial IL-12 production by their host macrophage, thereby impairing the signaling cascade which, in a healthy immune-competent host, would induce production of IFN-␥ by target T cells and NK cells (12) .
Analysis of gene expression at the RNA level using microarray techniques has provided a global genetic perspective on biological processes important in parasite survival and hostparasite interactions (8, 13, 41) as it enables the investigation of entire biological pathways. Microarray technology can provide a molecular profile of virulence-associated responses as well as host defense mechanisms that occur following infection (5, 14, 16, 18, 50, 62) . Since innate defenses have the potential to block infection, the mechanisms used for evasion are potential targets for vaccine and/or pharmacologic intervention (52) .
DNA microarray studies have been conducted to identify differentially expressed genes associated with developmental stages of Leishmania (26, 30) and host cell responses to a variety of parasites (8, 13, 34, 51) . The current study focuses on the analysis of global gene expression in the human macrophage cell line THP-1 following infection with Leishmania major in the presence or absence of IFN-␥. Differentially expressed genes are likely involved with parasite-induced modulation of the host response or host defense, and potential novel macrophage genes involved in the downregulation of the response to IFN-␥ may contribute to the completion of our understanding of key regulatory pathways that can be targeted to restore this response, resulting in the control of intracellular pathogens. Infection of macrophages by L. major, followed by treatment with IFN-␥, represents an in vitro correlate of the ideal immune response in a healthy, Leishmania-naïve individual during macrophage activation and subsequent Th1-domi-nant immune response. To stratify the contributions of L. major infection and the effect of the IFN-␥-enriched environment, both effectors were also added to the macrophages separately. Global mRNA gene expression levels were determined 24 h after IFN-␥ treatment, thus focusing on changes in gene expression that occur during Leishmania-macrophage interplay alone, isolated from further stimulating or attenuating factors that can contribute to the nonhealing state of leishmaniasis in an immune-privileged site (45) . This study provides further information on both the effect of Leishmania infection on the modulation of macrophage gene expression (8, 13, 34, 51) in a defined IFN-␥-enriched environment that parallels the natural state of an infected individual and a global approach to understanding the complex biological response to intracellular infection.
MATERIALS AND METHODS
Cell culture. The human mononuclear cell line THP-1 (202 TIB; American Type Culture Collection, Rockville, MD) was used as a model for human macrophage cells in infection studies due to its similarity to human monocyte-derived macrophages. THP-1 cells were maintained in RPMI 1640 medium (StemCell Technologies, Vancouver, BC, Canada), supplemented with 10% heat-inactivated fetal calf serum (HyClone, Logan, UT), 2 mM L-glutamine (Sigma, St. Louis, MO), 100 U/ml penicillin, 100 mg/ml streptomycin (Invitrogen, Burlington, ON, Canada), and 1ϫ 10 Ϫ5 M ␤-mercaptoethanol (Bio-Rad, Hercules, CA) at 37°C in a humidified atmosphere containing 5% CO 2 . THP-1 cells were cultured in flat-bottom tissue culture flasks (75 cm 2 ) until the cell density reached 1 ϫ 10 6 cells/ml in a volume of 50 ml. Cell viability was assessed by a trypan blue exclusion test (0.4% solution), followed by counting in a hemocytometer. Cells were allowed to adhere and differentiate for 18 h in the presence of 20 ng/ml phorbol-12-myristate-13-acetate (Sigma). Cells were then washed with Hanks balanced salt solution (HBSS) to remove nonadherent cells; phorbol-12-myristate-13-acetate and fresh medium were added, and adherent macrophages were incubated for a further 6 h prior to treatment.
L. major Friedlin strain (MHOM/IL/80/Friedlin) promastigotes were cultured at 26°C in M199 medium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin and routinely subcultured every second to third day. Promastigotes were grown to stationary phase by seeding promastigotes at 1 ϫ 10 6 cells/ml in M199 medium and allowing them to grow at 26°C for 4 to 5 days, when the cell density reached a plateau of 2 ϫ 10 7 to 3 ϫ 10 7 cells/ml. Cultures were then maintained for two additional days, at which time metacyclic cells were separated by adding 50 l/ml peanut agglutinin (Sigma) followed by incubation for 30 min on rotary shaker. Nonmetacyclic cells binding to peanut agglutinin were sedimented by gravity at room temperature for 10 min, and metacyclics were removed from the top layer, washed by centrifugation at 2,700 ϫ g for 6 min, and resuspended in M199 medium. Heat-killed L. major promastigotes were prepared by heating metacyclic promastigotes at 11 ϫ 10 7 cells/ml in M199 medium at 62°C for 45 min. Macrophage infection and treatment. L. major metacyclic promastigotes or heat-killed promastigotes were added to THP-1 cells at an infection ratio of 20:1, resulting in infection rate of over 92% as determined by microscopic examination of cells stained with Hemacolor (Harleco; EM Sciences, Kansas City, MO). Latex beads (Sigma) were used at a ratio of 40:1, resulting in a rate of one to six beads per cell in greater than 90% of cells. After 24 h of coincubation of THP-1 cells with either live or heat-killed promastigotes, latex beads, or medium, cells were washed three times with HBSS to remove free parasites, and the medium was replenished. At this time point, THP-1 macrophage cultures were treated with either IFN-␥ (100 U/ml) (Sigma) or medium, and cells were cultured for an additional 24 h. All cultures were then harvested at 48 h. RNA isolation. Treated or nontreated THP-1 cells were washed three times with HBSS and resuspended and scraped in Trizol reagent (2 ml per plate), and RNA was isolated as described by the manufacturer (Invitrogen). Total RNA was purified further using RNeasy as described by the manufacturer (QIAGEN Inc., Burlington, ON, Canada). Total macrophage RNA was analyzed by gel electrophoresis and stained with ethidium bromide. There were no detectable Leishmania rRNA bands that would have been clearly discernible from the Leishmania 28S and 18S bands, and the macrophage 28S and 18S rRNA bands were stained with equal intensities. By these criteria, there was no significant contamination of macrophage RNA by Leishmania RNA.
Microarray hybridization. Total RNA (1 g) from treated or nontreated THP-1 cells was first amplified using the Message Amp antisense RNA (aRNA) procedure as described by the manufacturer (Ambion, Inc. Austin, TX). A 1-g sample of the resulting aRNA was then fluorescently labeled with either Cy3 or Cy5 using the CyScribe Direct mRNA labeling procedure as described by the manufacturer (Amersham Biosciences, Pittsburgh, PA). Control aRNA of nontreated THP-1 cells was labeled with Cy5, and aRNA of treated THP-1 cells was labeled with Cy3. Following labeling, unconjugated fluorescent reagents were removed by using an Amersham purification kit, and labeled probe was resuspended in 5 l of RNase free water.
DNA oligonucleotide microarrays representing 22,225 unique human genes (Operon, version 2.0; Operon Biotechnologies, Inc. Huntsville, AL) were arrayed on glass slides as described previously (40) . Slides were prehybridized in 0.2% bovine serum albumin, 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and 0.1% sodium dodecyl sulfate (SDS) for 45 min at 42°C, washed twice in deionized H 2 O and once in 2-propanol, and spun dry in a centrifuge. A two-color hybridization strategy was used. Cy3 and Cy5 probes were combined, and 1 l (1 g/l) of Cy3-Cy5-labeled green fluorescent protein cDNA was added as a positive control. Probes were denatured at 95°C for 3 min, followed by cooling on ice for 3 min. Denatured probes were added to hybridization buffer (Amersham), applied to a prehybridized microarray, and covered with a glass coverslip. Hybridizations were carried out in a humidified hybridization chamber (TeleChem International, Inc. Sunnyvale, CA) at 42°C for 12 to 16 h in the dark. Hybridized slides were washed at 55°C for 10 min in 1ϫ SSC-0.2% SDS, two times in 0.1ϫ SSC-0.1% SDS for 10 min, and for 2 min in deionized H 2 O. After a spin-drying step using a centrifuge, the hybridized slides were scanned using a GenePix Pro 4000 scanner (Axon Instruments, San Francisco, CA), and data from each fluorescence channel were collected and stored as separate 16-bit TIFF files.
Microarray data analyses. Microarray images were processed using Imagene software, version 5.5 (BioDiscovery Inc., El Segundo, CA). Spots were visually examined, and those that exhibited poor quality, such as small or irregular shape, were flagged. Spot segmentation was performed using a histogram segmentation method that uses the distribution of pixel intensities to separate probable signal from background. Background per pixel is estimated as a median of the pixels in this area and is multiplied by the spot area to give an estimated spot background value. Data normalization and quantitation were then performed using GeneSpring, version 7.2, software (Agilent Technologies, Mississauga, ON, Canada). Values imported from Imagene were normalized using local weight regression to remove intensity-dependent effects. To identify differentially expressed genes, analysis of variance (ANOVA) and multiple testing procedures to control the false discovery rate (3) were applied to the microarray expression data. Two groups were analyzed using a cutoff of 0.05 on adjusted P values: THP-1 cells treated with live L. major, heat-killed L. major, or latex beads; and THP-1 cells treated with live L. major, L. major followed by IFN-␥, or IFN-␥ alone. Ratios among treated versus nontreated THP-1 cells were then calculated, and the results were expressed as relative change. Genes that exhibited a difference of Ն4 in expression levels in either of the three treatment groups were selected for presentation in Tables 1 and 2. Table 2 represents genes that were filtered for those genes modulated by phagocytosis alone. See the supplemental material for complete data sets.
Quantitative real-time PCR. Quantitative real-time PCR assays were performed on selected genes using a Superscript one-step reverse transcription-PCR (RT-PCR) kit (QIAGEN). Primers listed in Table 3 were designed using Primer Express software (Applied Biosystems, Foster City, CA). Total RNA (0.25 g) was used for synthesis of the cDNA that was to be used as template DNA for PCR using Quantitet SYBR Green PCR master mix (QIAGEN). Reactions in triplicate were carried out in an ABI prism 5700 Sequence Detector (Applied Biosystems) for 15 min at 95°C and 40 cycles of 15 s at 94°C, 30 s at 60°C, and 30 s at 72°C. Results were obtained and analyzed using GeneAmp 5700 SDS software. The comparative cycle threshold method was used for the quantitation of gene expression, and expression values were normalized to the constitutive levels of ␤-actin in untreated THP-1 cells.
RESULTS

Data analysis and statistical validation of global changes in gene expression.
The transcriptional responses of macrophages infected with L. major in the presence or absence of IFN-␥ were analyzed using DNA oligonucleotide microarrays. Three conditions were evaluated in duplicate:(i) human THP-1 macrophages were infected with L. major metacyclic promastigotes and at 48 h macrophage RNA was isolated; (ii) THP-1 macrophages were infected with L. major metacyclic promastigotes, and at 24 h IFN-␥ was added for an additional 24 h, when RNA was isolated; and (iii) to evaluate the effect of IFN-␥ alone, IFN-␥ was added to uninfected macrophages for 24 h prior to RNA isolation (Table 2) . To control for phagocytosis, controls were included in a separate experiment in which THP-1 macrophages were incubated with either latex beads or heat-killed L. major metacyclic promastigotes or with viable L. major (Table 1) . Cy3-or Cy5-labeled probes were prepared from macrophage RNA and hybridized to DNA Differentially expressed genes were identified by ANOVA and multiple testing procedures to control the false discovery rate using a cutoff of 0.05 (3) in response to either L. major infection, phagocytosis, and/or IFN-␥. Following incubation with L. major, heat-inactivated L. major, and latex beads, 741 differentially expressed macrophage genes were identified. Following L. major infection in the presence or absence of IFN-␥ or treatment of uninfected macrophages with IFN-␥ alone (Fig. 1) , 1,265 differentially expressed macrophage genes were MMP9  GGACGATGCCTGCAACGT  CAAATACAGCTGGTTCCCAATCT  2  NM_002569  FURIN  GCAAAGCGACGGACTAAACG  CAGGTCCCGCTGAGTGACA  3  NM_002535  OAS2  GCAGGGAGTGGCCATAGGT  CCATCGGAGTTGCCTCTTAAGA  4  NM_001252  TNFSF7  CGCCTCCCGTAGCATCAG  CAATGGTACAACCTTGGTGGAA  5  NM_000120  EPHX1  AAGCATGAGCGGATGAAGGT  GCTCAAAAGGGAAGGCAGAGA  6  NM_000716  C4BPb  GTGTGCGTGCTGTCTTATGGTT  CTGGACAGTGCTCTGCATCTG  7  NM_023945  MS4A5  TCTTAGTGCCCTGGGAGCAA  TTGATCTAGGATGAAACCAAATGTG  8  NM_002773  PRSS8  CCCAGGGCGACATTGC  GATGTAGCGGGAGAAGGTGATG  9  NM_014240  LIMD1  TTCATCGAGGACCTGAACATGT  CCCTTGTCCACTCGGAAGAG  10  NM_003682  MADD  TGGTGTGAGCCTGACGTCTAGT  CTCACGCCGATGACAGAGTCT  11  NM_006359  SLC9A6  CCGCTTCCTGCACGAAA  GCACAAGGCCCACCAAAA  12  NM_005306  GPR43  CTGTGGTGACGCTGCTCAAT  CAGGTGGGACACGTTGTAAGG  13  NM_002739  PKCG  AGAAGACCCGAACGGTGAAA  TTGAACACAAAGGTCTCATTCCA Table 1 identifies genes whose modulation, either up or down, in macrophages was shown to be specific to viable Leishmania and not induced by phagocytosis alone (latex beads) or the presence of antigen molecules on the surface of a phagocytosed object (heat-killed L. major). In addition to cell signaling molecules, viable L. major parasites were able to induce expression of a variety of genes involved in cell survival, energy metabolism, fatty acid metabolism (ELOVL6), and arginine-metabolism (PADI1; expressed in the living parts of the human epidermis [22] ) and the gene PIK3R3, involved in growth factor signaling via insulin-like growth factor 1 receptor and insulin receptor (17) .
Repression of apoptosis by Leishmania has been reported as one mechanism to ensure survival of the parasite within the host cell (35) . In concordance with this finding, significant downregulation was observed by live L. major but not by phagocytosis/surface molecule controls of IL6ST, implicated in regulation of myocyte apoptosis in mice (Entrez Gene database), as well as GAS1, a mediator of cell death (11) . Dramatic downregulation of the DLG3 gene, a negative regulator of cell proliferation (32), 37.22-fold suggests a positive influence of live L. major on the proliferation of infected macrophages.
Three genes involved in lipid metabolism were specifically regulated by viable L. major parasites but not controls. Indeed, infection with Leishmania leads to increased membrane fluidity, resulting in diminished clustering of MHC-II-peptide complexes and impairment of PKC translocation and phagosome fusion (45) .
These rather consistent observations highlight the dominant role that viable Leishmania parasites play in eliciting a broad spectrum of cellular responses within the infected macrophage, as opposed to phagocytosis alone. These findings suggest the presence of several genes that are as yet unidentified or not connected with the disease process but that may play a role in Leishmania infection and persistence.
IFN-␥-induced macrophage gene expression is abrogated by L. major infection.
A global summary of the way that viable L. major parasites are able to influence expression of various genes in macrophages induced by IFN-␥ is shown in Fig. 1 and Table 2 . Treatment with L. major induced or repressed a number of THP-1 genes an average of 5-to 10-fold (Fig. 1A) . In response to IFN-␥ alone (Fig. 1B) , a significant number of genes were either up-or downregulated Ͼ10-fold (Fig. 1B,  outermost bars) , whereas the presence of L. major actively inhibited this response (Fig. 1C) . Abrogation of the IFN-␥ response in macrophages by Leishmania is well established (8, 46, 47, 48) .
In line with documented inhibition of the respiratory burst in Leishmania-infected macrophages, expression of a member of the PKC signaling pathway, PRKCG, was induced fourfold in response to IFN-␥ and downregulated in response to L. major infection only 2.9-fold, leading to a net gene expression that was similar to expression in resting macrophages. A further (Table 2) . Significant upregulation by IFN-␥ was observed in many genes related to the chemokine/cell adhesion pathways. Following Leishmania infection alone, these IFN-␥-induced genes exhibited either very low expression or downregulation in THP-1 cells infected with L. major, and the combination of infection with IFN-␥ treatment led to gene expression which was, for the most part, not significantly different from resting THP-1 cells. Among the genes upregulated in response to IFN-␥ and repressed by L. major infection were members of the C-type lectins, platelet endothelial cell adhesion molecule 1 (PECAM-1 also known as CD31) and CLECF7. PECAM-1 has been shown to be responsible for detachment and protection from macrophage engulfment of viable cells, while on apoptotic leukocytes, PECAM-1 encouraged binding and subsequent phagocytosis by THP-1 cells (7). Whereas Leishmania infection prevents apoptosis in the host macrophage (25, 35) , it is known that the process of ingestion by other macrophages is harnessed by Leishmania to promote dissemination (45) . It is a possibility that downregulation of PECAM-1 expression on infected but viable THP-1 cells abolishes the "detachment" signal, leading to earlier phagocytosis by neighboring macrophages and thereby ensuring the continuity of infection.
MMPs are responsible for the removal of extracellular matrix during manifold biological and pathological process. Many MMP genes are inducible by a variety of stressors, and two MMP genes were shown to be activated by furin, a member of the proteasome pathway (37) . Results revealed antagonistic regulation of MMP7 and MMP15 (both upregulated by IFN-␥; no change in gene expression in response to Leishmania or the combination of Leishmania and IFN-␥) versus MMP16 (downregulated by IFN-␥ Ͼ10-fold and upregulated by Leishmania infection, resulting in no significant net change in gene expression compared to resting THP-1 cells). Gene expression of furin, the regulator of two other MMPs (MMP11 and MMP14) and a member of the proteasome pathway, did not show significant modulation by IFN-␥ and L. major infection alone but showed 4.9-fold induction by L. major infection with IFN-␥. The complete abolition of the dramatic IFN-␥-induced overexpression (35.3-fold) of a member of the protein phosphatase 1 family by Leishmania infection highlights the powerful influence that the parasite can exert on virtually every aspect of cellular gene expression and function: protein phosphatase 1 dephosphorylates RNA polymerase II prior to its recruitment to the preinitiation complex (61) . In addition, the analyses found an RNA polymerase II polypeptide (F) to be upregulated by IFN-␥, an effect that was counteracted by Leishmania infection.
The gene encoding myo-inositol 1-phosphate synthase (ISYNA1), while normally expressed at low levels in leukocytes (21) , was upregulated Ͼ10-fold in response to treatment of THP-1 cells with IFN-␥, while IFN-␥ treatment following L. major infection did not increase mRNA expression levels above those of resting macrophages. Guan et al. (21) have suggested that G-protein-mediated signal transduction is involved in the regulation of gene expression. In concordance, the expression of two members of the G-protein signaling family were upregulated in response to IFN-␥ alone, which was abolished by infection with L. major (GNGT2 and GNB4), whereas one gene (SNX27) was downregulated with either IFN-␥ or L. major infection alone but significantly upregulated in response to a combination of L. major infection followed by IFN-␥ treatment.
NADH dehydrogenase (NDUSF4), encoding the 18-kDa subunit of respiratory complex I, necessary for cellular ATP production (55), was upregulated in response to IFN-␥, whereas cells infected with Leishmania showed no significant difference in gene expression from resting THP-1 cells, indicating a dampening of IFN-␥'s effort to increase the metabolic rate in infected cells.
Increased membrane fluidity has been held responsible in part for the diminished presentation of MHC-associated antigens in Leishmania-infected macrophages, an effect which can be corrected by the addition of cholesterol (45) . Two genes involved in the metabolism of complex lipids (PIGB and DEGS1) were upregulated by IFN-␥ and significantly downregulated by Leishmania infection.
The proteasome pathway plays an important role in immunity as it is responsible for degradation of foreign proteins (44) . Upregulation of several members of this pathway in response to IFN-␥ is shown in Table 2 , whereas infection with Leishmania alone has no effect on the infected macrophage. However, Leishmania infection abrogates the effect on the proteasome metabolism observed with IFN-␥ alone.
A large number of genes encoding a variety of signaling proteins were differentially expressed in response to Leishmania infection, IFN-␥, or the combination of both (Table 2) . These genes were mapped to calcium signaling (CACNG2 and CACNA1B), G-protein signaling (GNGT2, GNB4, SNX27, and MTNR1B), PKC signaling (PRKCG), general signaling pathways (STAT5A, GNB1, PLCG1, protein tyrosine phosphatase receptor type H [PTPRH], PTPRA, PARD6A, PIK3R3, TNS, ECGF1, and GUCY1B3), transforming growth factor ␤ (TGF-␤) signaling (SMAD5, SP1, and SKIL/SNON), and Tolllike receptor signaling (TOLLIP), as well as many transcription factors (Table 2) . While the analysis of the interplay of all modulated members of signaling pathways extends beyond the scope of this paper, it is obvious that L. major infection prevents the normal signaling events elicited by IFN-␥ alone from coming to fruition. Calcium signaling in host macrophages has been shown to be associated with Leishmania virulence (31), and it is interesting that L. major infection reduced the IFN-␥ induction of CACNG2 that encodes a calcium channel subunit (Table 2) . PTP is a key mechanism for signal transduction and participates in the JAK-STAT pathway, which mediates signaling from receptors for interferons. It seems probable that in immune cells the JAK-STAT pathway is regulated by PTPs, and previous studies have shown this pathway to be inhibited by infection with L. donovani (38) . The PTPs also play an important role in the progression of Leishmania infection and pathogenesis (43, 44) . Since cellular antimicrobial mechanisms including cytokine-induced nitric oxide generation, oxidative burst, and other functional responses are modulated by PTPs (39, 42, 44, 47, 58) , it seems probable that microbial mechanisms may manipulate the activities of host cell PTPs, thus promoting pathogenesis. PTPRs (PTPR family) are involved in the regulation of integrin signaling, cell adhesion, and proliferation, and PTPRA has been implicated in the activation of tyrosine kinases of the Src family. PTPRH was upregulated by IFN-␥, and both PTPRH and PTPRA were significantly downregulated following Leishmania infection alone. The combination of Leishmania infection followed by IFN-␥ treatment yielded no net change in gene expression compared to uninfected THP-1 cells.
A clear example of Leishmania-induced downregulation of cellular immunity via signaling molecules may be the expression of TOLLIP, an important player in the proinflammatory IL-1 receptor pathway (10); this gene is upregulated by IFN-␥ but significantly downregulated with Leishmania infection.
TGF-␤ from antigen-presenting cells has an immunosuppressive effect (20) . In response to IFN-␥, the gene coding for a SMAD-protein (SMAD5) and a regulator of SMAD proteins, SKIL (SNON), which can repress the growth inhibitor function of TGF-␤ (23), were upregulated Ͼ10-fold. Neither effect was observed with Leishmania infection alone nor with the combination of Leishmania infection followed by treatment with IFN-␥, thus demonstrating the extent to which Leishmania parasites protect the immunosuppressive function of the TGF-␤ pathway (19) .
A number of genes were downregulated in response to IFN-␥, most notably two genes involved in DNA metabolism, whereas Leishmania infection alone induced these genes (UPB1 and RCF2) significantly. The RCF2 gene (replication factor C) has been shown to accelerate cell proliferation (27) , thus suggesting an interest of Leishmania in acceleration of cell proliferation. Further, the tyrosinase gene (TYR) involved in pigmentation was drastically repressed in response to IFN-␥ but significantly upregulated by Leishmania infection, resulting in no net change in gene expression. Melanocytes, Schwann cells, and melanoma cells normally express TYR mRNA; TYR mRNA expression in circulating melanoma cells has been used as a clinical marker for melanoma relapse (33) . While IFN-␥ treatment reduced the number of TYR-positive cells in the circulation of melanoma patients, this effect was attributed to cell death rather than downregulation of TYR mRNA following treatment with IFN-␥. The significance of tyrosinase in macrophages or the necessity for Leishmania to maintain stable tyrosinase levels in its host macrophage is unclear.
The expression of certain macrophage genes changed synergistically in response to L. major infection combined with IFN-␥ treatment and did not modulate with the response of IFN-␥ or L. major infection alone: KIAA0251, involved in protein metabolism, did not show significant modulation by IFN-␥ or L. major infection alone but showed 6.01-fold induction by L. major infection with IFN-␥ treatment. The expression of two genes related to transport did not show significant modulation by IFN-␥ or L. major infection alone but showed significant induction (4.4-to 12.8-fold) by L. major infection with IFN-␥ treatment.
Verification of microarray hybridization by real-time RT-PCR. For verification of the microarray results, levels of specific mRNAs from L. major infection with and without IFN-␥ treatment were quantitated by PCR. Real-time RT-PCR assays were performed using gene-specific primers on a set of 13 genes that were found to be differentially expressed by microarray analysis of L. major infection with and without IFN-␥ treatment ( Table 3) . As an internal control, the relative level of ␤-actin mRNA was analyzed using the same method. Results obtained by real-time RT-PCR for the genes examined were consistent with microarray-based observations (Fig. 2) . With all 13 genes the relative change as measured by microarray quantitation was similar (upregulated or downregulated) to values obtained by real-time RT-PCR, thus validating the measurement of gene expression by oligonucleotide microarray hybridization.
DISCUSSION
The human monocytic THP-1 cell line was used in the present study as a model of human monocyte-derived macrophages in order to reduce the genetic heterogeneity and variability of donor-derived macrophages and to ensure continuity between individual experiments. THP-1 cells have been utilized as an in vitro model for Leishmania infection previously (1, 2, 36, 63) . Studies using L. donovani and THP-1 cells showed a high degree of correlation to experiments carried out using peripheral blood-derived human mononuclear phagocytes (15) . THP-1 cells have been used as a model for Mycobacterium tuberculosis-induced apoptosis in macrophages (29, 49, 56) .
The present study shows that IFN-␥ and L. major induce changes in macrophage gene expression in a large and diverse set of genes. The present results provide an overarching summary of gene expression flexibility and its contributory influences in macrophage activation that can serve as a biological context for mechanistic studies of individual genes. (Table 1) . Leishmania metacyclic promastigotes as well as intracellular amastigotes undermine host defenses at every step during infection and development, and their ability to delay the onset of macrophage activation, cause chronic infection, and persist for years in the immunocompetent host has been under investigation in many laboratories (4, 13, 46, 48) and extensively reviewed (22, 25, 45, 48, 53) . Approximately four times as many macrophage genes were significantly (more than fourfold) induced by IFN-␥ and downregulated by infection with L. major as were repressed by IFN-␥ and upregulated as a consequence of L. major infection ( Table 2 ). While Chaussabel et al. (13) reported an equal number of genes up-and downregulated following infection with both L. major and L. donovani for 16 h in both macrophages and dendritic cells, the mouse model of Buates and Matlashewski (8) demonstrated a general suppression of macrophage gene expression following infection with L. donovani. Rodriguez et al. (51) described the effects of Leishmania chagasi infection on gene expression in murine bone marrow-derived macrophages. In this study, proinflammatory cytokines, receptors, and Th1-type immune response genes were reported to be downregulated while some anti-inflammatory or Th2-like genes were upregulated (51) . The expression of alternative (arginase) or type II activation macrophage genes, such as IL-10 and tumor necrosis factor alpha, was not affected, suggesting that macrophage infection by Leishmania results in a hybrid activation more characteristic of an alternative than classical activation pathway leading to parasite survival (51) . The results from this study are consistent as type II activation macrophage genes were also not induced by infection with L. major.
Microarray studies have also identified the importance of vesicular protein transport processing in Leishmania-infected macrophages. Infection of murine macrophage cell lines with virulent, and not avirulent, species of Leishmania was shown to downregulate the expression of 7SL RNA, an essential component of the signal recognition particle, resulting in impaired protein transport (34) . Overexpression of 7SL RNA resulted in macrophages' becoming resistant to Leishmania infection while inhibition of 7SL RNA expression by small interfering RNA resulted in macrophages' becoming susceptible to infection by avirulent strains of Leishmania (34) .
The diverse ways in which Leishmania parasites exert their influence over gene expression in the host macrophage are by no means simple to interpret, and targeting specific genes or gene products for therapeutic purposes must be approached with caution. Three genes involved in proteasome function were found to be upregulated in response to IFN-␥ (Table 2) , whereas in response to Leishmania infection, five proteasome genes were significantly downregulated (Tables 1 and 2 ). This may be expected, since proteasome function is crucial for antigen presentation by the host macrophage. However, the ubiquitin-proteasome pathway also degrades STAT-1␣, a pivotal transcription factor in the signaling cascade, following cell activation by IFN-␥ (6). Furthermore, IFN-␥ enhances the survival of the cell by activating NF-B (6). Heussler et al. (25) reviewed the fact that NF-B is harnessed by a number of intracellular protozoan parasites to avoid apoptosis and ensure survival of the host cell and continuity of infection. These two examples, in the context of a 48-h time frame of host cell gene regulation during early infection with Leishmania, demonstrate the complexity of a defined model system devoid of normal host innate and adaptive immune responses.
While therapies may target one gene or gene product that appears to confer vulnerability to the pathogen, Leishmania parasites exert a profound overall effect on their host (cell or organism) on every level of metabolism, survival, procreation, and even cell death. Without inserting their DNA into the host nucleus, they have managed to regulate the macrophage to their advantage. An important background strategy aimed at every parasitic disease is to stabilize the host's immune regulatory cycles that are prone to fail due to stress and malnutrition (54) .
